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INTRODUCTION

76
Human cytomegalovirus (HCMV) is widely spread throughout the world, found in 77 approximately 60% of adults in developed countries and 100% in developing countries 
91
Much focus has been on the gH/gL complexes, which as for other herpesviruses, likely 92 engage cell receptors and promote infection by contributing to the gB-mediated membrane expression of UL128-131 was suppressed in ME, virions contained dramatically less 121 gH/gL/UL128-131, but only slightly more gH/gL/gO. This latter point was especially curious 122 since the model that gO and the UL128-131 proteins compete for binding to gH/gL would predict 123 that the fraction of gH/gL normally bound by UL128-131 would, in their absence, be instead 124 bound by gO. This discrepancy could be explained by differences in the stoichiometric 125 expression of gH/gL, gO, and UL128-131 between strains. An alternative hypothesis was 126 suggested by the fact that there are at least eight alleles of the UL74 gene that encodes gO 127 (31). Isoforms of gO can vary between 10-30% of amino acids, and this could affect competition 128 with UL128-131 for binding to gH/gL. Both of these non-mutually exclusive hypotheses were 129 addressed in the experiments reported here.
130
RESULTS
131
Strains of HCMV display different patterns of glycoprotein expression and
132
trafficking to virion assembly compartments. The dramatic differences in the composition 133 of gH/gL complexes in TR and ME virions described in Zhou 2013 Zhou /2015 (25, 30) suggested 134 corresponding differences in glycoprotein expression, and/or trafficking of glycoproteins to virion 135 assembly compartments (AC). To address these possibilities, cells were infected for 2 days 136 ( Fig 1A) or 5 days (Fig 1B) with TR or ME, and steady state amounts of viral proteins were 137 compared by immunoblot. At 2 dpi, immediate-early (IE)-1/2 levels were similar for both TR and 138 ME, consistent with an equal multiplicity of infection. At 5 dpi, the levels of the virion structural 139 proteins MCP, gB, gH, and gL were also very similar between the two strains. In contrast, ME 140 infected cells contained dramatically more of the UL128-131 proteins than TR. The UL148
141
protein was also included in these analyses because it was recently described as an ER 142 chaperone protein that influences the ratio of gH/gL complexes (32). In TR-infected cells, an 143
anti-UL148 antibody detected a prominent 35 Trafficking of gH/gL from the ER to TGN-derived assembly compartments was assessed 156 by treating the 5 dpi infected-cell extracts with either endoglycosidase H (endo H) or PNGaseF,
157
and then analyzing gH and gL by immunoblot (Fig 2) . The majority of gH and gL in TR-infected 158 cells was endo H resistant, consistent with efficient transport from the ER to trans-Golgi-derived
159
ACs. In contrast, most of the gH and gL in ME-infected cells was sensitive to endo H digestion.
160
In HFFFtet cells, which repress transcription from the UL128-131 locus (30) (33), there was 161 even less endo H resistant gH and gL. This suggested that the bulk of gH/gL trafficked to ACs 162 in ME-infected nHDF, which allow UL128-131 expression, represented gH/gL/UL128-131 and is 163 consistent with the previous observations that, 1) the bulk of gH/gL in the ME virion is pentamer,
164
and 2) the loss of gH/gL in the form of pentamer in ME-T virions due to the repression of the 165 UL128-131 proteins is apparently not fully compensated by the formation of complexes with gO
(25, 30). 167
Differences in the amino acid sequence of gO between TR and ME do not affect 168 the infectivity of cell free virus. The predicted amino acid sequence of gO differs by 25% 169 between TR and ME. This sequence divergence precluded direct comparison of gO expression levels because antibodies do not cross-react (30 (Fig 3A) , or between ME and the corresponding 183 recombinant ME_TRgO (Fig 3B) . When the ME-based HCMV were grown in HFFFtet cells,
184
which repress UL128-131 expression, the resultant virions, ME-T and ME-TTRgO, were 185 dramatically more infectious, as shown before (25) (33), but consistently there were no 186 differences due to the isoform of gO expressed (Fig. 3B) 
203
reducing immunoblot using TR and ME specific anti-gO antibodies (30) (Fig 5) . TR-specific gO 204
antibodies detected two bands in TR-infected cells, a prominent species migrating just above 205 the 100kDa marker, and a minor, more diffuse species migrating at approximately 130-140kDa.
206
The ME-specific antibodies detected similarly migrating bands in TR_MEgO infected cells, 
210
from the UL74 locus of ME was lower than in TR.
211
To directly compare differences in glycoprotein expression between TR and ME, infected 212 cells were labeled with [35] S-methionine/cysteine for 15 min, then analyzed by 213 immunoprecipitation with anti-peptide antibodies specific for gH, gL, or gO, followed by SDS-
214
PAGE and band density analysis (Fig 6, Tables 1 
220
was nearly identical between TR and ME, gL expression was approximately 4-fold higher for TR 1). To address the possibility that the MEgO-specific antibodies were simply less efficient at
223
capturing MEgO from ME extracts, similar experiments were performed with the TR-ME
224
heterologous gO recombinants ( Fig 6B, Table 2 ). Again, gH and gL were similar between
225
TR_MEgO and ME_TRgO, but gO levels were approximately 20-fold lower higher for the TR-
226
based virus. To address the hypothesis that differences in gO expression between TR and ME 227 reflect differences in protein turnover, the [35] S-methionine/cysteine label was chased for up to 228 6 hours (Fig 7) . The pattern of gH detection over the chase time was very similar in both TR
229
and ME samples. In both cases, labeled gH dropped to 60% after 3 hours and to 30-40% after
230
6 hours. The pattern of gO detection for both TR and ME was comparable to that of gH.
231
Together, these results confirmed that ME-infected cells express less gO than TR-infected cells,
232
and suggested differences in early steps of expression such as mRNA transcription, translation
233
or rapid ER-associated degradation, which can degrade proteins in the timescale of minutes
(34). 235
Overexpression of gO during ME replication increased gH/gL/gO assembly and 236 virus infectivity. To directly test the hypothesis that the low abundance of gH/gL/gO in ME 237 virions was due not simply to competition from the UL128-131 proteins, but also from low gO 238 expression, Ad vectors were used to increase gO levels during ME replication. Ad vectors 239 expressing GFP were used to control for potential effects of the Ad vectors themselves.
240
Consistent with the above analyses, gO levels were below the limits of immunoblot detection in 241 ME-infected nHDF or HFFF-tet cells, but gO was readily detected in cells superinfected with
242
AdMEgO (Fig 8A) . The overall expression of gL in ME infected cells was reduced by the 243 presence of either Ad vector (Fig 8A) . In the case of the control AdGFP, the lower intracellular 244 gL correlated with reduced gH/gL/gO complexes in virions from HFFFtet cells (ME-T) (Fig 8B) ,
245
and this in turn correlated with reduced infectivity (i.e., increased particle PFU ratio) (Fig 9) 
253
DISCUSSION
254
Recent population genetic studies have demonstrated a greater degree of genetic 255 diversity of HCMV in clinical specimens than had been previously appreciated (35, 36) 
(37). 256
The cell type and propagation methods likely narrow the resultant genotypes by purifying 257 selection (38, 39) . During propagation in cultured fibroblasts, inactivating mutations in the 258 UL128-131 ORFs are rapidly selected in a BAC clone of ME, and this selective pressure can be nucleotide polymorphism relative to ME that reduces splicing of the mRNA encoding the UL128 263 protein, which may help stabilize the UL128-131 ORFs through reduced expression of 264 gH/gL/UL128-131 (40). However, TR is identical to ME at this nucleotide position, and a 265 recombinant ME in which the UL128-131 locus was replaced with the UL128-131 sequences 266 from TR was as sensitive to selective inactivation of the locus as was wild type ME (40). 267
Together, these observations suggest that factors beyond expression level of the UL128-131 268 proteins can influence the selective pressures on the UL128-131 ORFs.
269
The results reported here demonstrated that TR and ME differ in stoichiometry of 270 expression of gO and UL128-131, and this seems to be a major factor determining the 271 abundance of gH/gL/gO and gH/gL/UL128-131 in the virion envelope, and the infectivity of cell free virion. Fibroblasts infected with TR or ME were found to be comparable in the steady state 273 levels of gH/gL, but ME-infected cells contained more UL128-131 than TR infected cells. In ME-274 infected cells, most of the gH/gL was an ER-associated form, whereas TR-infected cells 275 contained a large amount of Golgi-associated gH/gL. This correlated well with the previous 276 observations that TR contained more total gH/gL than ME virions (25, 30). The amount of 277
Golgi-associated gH/gL in ME-infected cells was reduced when expression of the UL128-131 278 proteins was repressed, consistent with the observation that most of the gH/gL in ME virions 
292
The molecular mechanisms underpinning the discrepancy between TR and ME in 293 expression UL128-131, and gO remain unclear. As mentioned above, Murrell 2013 described a 294 SNP in the TB UL128-131 locus that affected mRNA splicing, in part explaining the lower 295 expression of these proteins in TB (40). However, this splicing effect does not explain the 296 difference in UL128-131 expression between TR and ME since these strains are conserved at suggest the differences are due to early events in UL74(gO) expression such as transcription, 
307
Herpesvirus Workshop, 2017 Ghent Belgium).
308
The TR-ME heterologous gO recombinant viruses also allowed analysis of the effects of 
318
Laib-Sampaio 2016 reported that mutational disruption of UL74(gO) expression in ME 319 had little effect on replication unless the UL128-131 locus was also disrupted (24). These 320 authors suggested that spread of ME was mediated principally by gH/gL/UL128-131 in a cell-a gO null TR mutant (22). Our finding that expression of gO by ME is low compared to TR may 324 provide a partial explanation of these different gO null phenotypes.
325
It remains unclear whether the described difference in gO expression between TR and 326 ME represents a bona fide variation that naturally exists between HCMV genotypes in vivo, or 327 reflects differential selection on de novo mutations that occurred during the independent 328 isolation of these strains from clinical specimens. It seems clear that serial propagation of ME in approximately 100-200 particles/PFU, whereas ME was more 30-50-fold less infectious.
334
Repression of the UL128-131 proteins enhanced the infectivity of ME ("ME-T") to levels 335 comparable to TR (approximately 100 particles/PFU). While the infectivity of ME-T and TR
336
virions was comparable, ME-T virions still contained far less gH/gL/gO than TR (Fig 4, and 
337
((25)). Ad vector overexpression of gO enhanced infectivity of ME only 6-fold beyond the 338 enhancement due to UL128-131 repression alone ( Fig. 8 and 9 ). Together, these observations removed by centrifugation at 1,000 X g for 10min, and again at 6,000 X g for 10min. Stocks 364 were judged cell-free by the lack of calnexin, and actin in western blot analyses, and then stored 365 at -80°C. Freeze/thaw cycles were avoided. Plaque-forming-units were determined by plating a 366 series of 10-fold dilutions of each stock on replicate cultures of HFF for 2h at 37° C, and 367 replacing the inoculum with a DMEM supplemented with 5% FBS, and 0.6% SeaPlaque 368 agarose (to limit cell free spread). Plaques were counted by light microscopy 3 weeks after 369 infection.
370
Heterologous UL74(gO) recombinant HCMV. A two step BAC recombineering 371 process was performed as previously described (33). In the first step, endogenous UL74 ORFgrown at 32° C until OD600=0.55. Recombination genes were induced by incubating at 42° C 375 for 15 mins. Purified PCR product containing the selectable marker cassette, KanR/LacZ/RpsL 376 flanked by sequences homologous to 80 base pairs upstream and downstream of the TR or ME 377 UL74 ORF, was electroporated into the bacteria, cultures were recovered for 1h at 32° C, and 378 then selected on media containing kanamycin (15ug/ml), IPTG (50uM), X-gal (20ug/ml) and 379 chloramphenicol (12.5ug/ml). First-step primer sequences were; TR: 5'- 
388
In the second step, the selectable marker cassette in the TR and ME first-step 389 intermediate BACs was replaced with the UL74(gO) sequence from the heterologous strain.
390
Briefly, E. coli were prepared for recombination as described for step one above, and 391 electroporated with purified PCR products containing the UL74 ORF from TR or ME strain 
394
growth on media containing streptomycin (1.5mg/ml), IPTG (50uM), X-gal (20ug/ml) and 395 chloramphenicol (12.5ug/ml). Primers used to generate the second-step PCR produce were, 
396
407
GATGATTTTTACAAGGCACATTGTACATC-3`, and 5`-AACTAGGTCGTCTTGGAAGC-3`,
408
METRgO: 5`-CTCACAATGATTTTTACAATGCG-3`, and 5`-AACTAGGTCGTCTTGGAAGC-3`.
409
Antibodies. Rabbit polyclonal anti-peptide antibodies specific for TBgO and MEgO were 410 described previously (30). Rabbit polyclonal antibodies specific for UL148 were described 411 (32). Rabbit polyclonal, anti-peptide antibodies against gH, gL, UL130 and UL131 were 412 
426
After separation by SDS-PAGE, proteins were transferred to polyvinylidene difluoride (PVDF) 427 membranes (Whatman) in a buffer containing 10 mM NaHCO 3 , 3 mM Na 2 CO 3 (pH 9.9) plus 428 10% methanol. Transferred proteins were probed with mAbs or rabbit polyclonal antibodies,
429
anti-rabbit or anti-mouse secondary antibodies conjugated with horseradish peroxidase (Sigma-
430
Aldrich), and Pierce ECL-Western Blotting Substrate (ThermoFisher Scientific).
431
Chemiluminescence was detected using a Bio-Rad ChemiDoc MP imaging system.
432
Radiolabeling proteins. Cell cultures were incubated in labeling medium (met/cys-free 433 DMEM + 2% dialyzed FBS) lacking methionine and cysteine) for 2 h at 37 °C, then [ 
483
Extracellular virions of TR, TR_MEgO, ME, ME_TRgO, ME-T, or ME-T_TRgO were analyzed by 484 quantitative PCR for viral genomes and PFU were determined by plaque assay on nHDF. 
513
Immunoprecipitation was performed with anti-gH, gO (TR or ME specific) antibodies and 514 precipitated proteins were analyzed by SDS-PAGE. Band densities were determined relative to At 5 dpi, infected cells were metabolically labeled with [35] -S cysteine/methionine for 15 min and membrane proteins were extracted in 1% Triton X-100. All samples were adjusted to 2%SDS/30mM DTT, heated to 75° C for 10 min, cooled to room temperature and then diluted 35-fold. Parallel immunoprecipitations were performed in which equal amounts of anti-gH, gL, or gO (TR or ME specific) antibodies were reacted with 3-fold increasing amounts of protein extract as input, and precipitated proteins were analyzed by reducing SDS-PAGE. . Analysis of glycoprotein turnover in TR and ME infected cells. nHDF were infected with 1 PFU/cell of TR or ME. At 5 dpi, infected cells were metabolically labeled with [35] -S cysteine/methionine for 15 minutes and then label was chased for 0, 10, 60, 180, or 360 minutes. Membrane proteins were extracted in 1% Triton X-100, adjusted to 2%SDS/30mM DTT, heated to 75° C for 10 min, cooled to room temperature and then diluted 35-fold. Immunoprecipitation was performed with anti-gH, gO (TR or ME specific) antibodies and precipitated proteins were analyzed by SDS-PAGE. Band densities were determined relative to the 0 minute chase time. Results shown are representative of 4 independent experiments. on May 15, 2018 by Cardiff Univ Figure 9 . Specific infectivity of ME virions produced under conditions of gO overexpression. nHDF or HFFF-tet cells were infected with ME for 2 days, then superinfected with Ad vectors expressing either GFP or MEgO for an additional 4 days. Extracellular virions from nHDF (ME) or HFFFtet (ME-T) were analyzed by quantitative PCR for viral genomes, and PFUs determined by plaque assay on nHDF. Shown are average particle-PFU ratios of virions produced in 2 independent experiments, each analyzed in triplicate. Error bars represent the standard deviation. Asterisks (*) above fold differences indicate P < 0.03 (Student's unpaired T-test (2-tailed)). 2 (+/-9.4) a. 7uL of rabbit anti-peptide serum per immunoprecipitation reaction b. Preparation of radiolabeled cell extracts described in legend to Figure 6 , and in materials and methods. c. Densities of bands shown in Figure 6A as determined using Image J v. 1.48 d. Band density not detected. e. Density divided by the predicted number of methionine and cysteine residues:
Zhang et al., Figure 9
TRgH(30), MEgH(31), TRgL(13), MEgL(13), TRgO(22), MEgO(24) f. Adjusted density TR divided by adjusted density ME. g. Average fold difference between TR and ME +/-standard deviation. 
